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Abstract 
To successfully monitor carbon dioxide capture and storage facilities, it is necessary to select appropriate methods 
which can provide required information from different scales, both in desired resolutions and in real time. This paper 
will provide an assessment of open-path Fourier-transform infrared (OP-FTIR) spectroscopy as part of a hierarchical 
monitoring concept. The technology is introduced as a promising ground-based remote sensing technology for large-
scale monitoring of leakage detection. Initial tests using this method were carried out at natural analogue sites where 
different degassing situations are present, providing optimal conditions for evaluating OP-FTIR spectroscopy 
capability. The application of this technology focused on determining spatial atmospheric CO2 distribution and to 
help obtain insights into how CO2 spreads in the vicinity of the degassing vents using scanned images. 
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1. Introduction 
Monitoring of CO2 concentration in the shallow subsurface and atmosphere may play a crucial role in 
any future Carbon Capture and Storage (CCS) projects, which could be integral to ensuring long-term 
human health safety and for environmental purposes. In particular, monitoring networks need to be 
designed so that they can be implemented at large-scale areas affected by geological storage processes.  
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The MONACO project (Monitoring approach for geological CO2 storage sites using a hierarchic 
observation concept) aims to develop an integrative hierarchical monitoring concept, allowing the 
detection and assessment of possible leakages from geological storage formations into the shallow 
subsurface or atmosphere. Reliable monitoring of geological CO2 storage sites during and after 
operational phases requires suitable methods that provide the requisite information in real time. The 
MONACO monitoring concept combines various investigation techniques at different scales with 
different resolutions, such as open-path infrared spectroscopy, soil-gas analytical methods, geophysics 
and Direct-Push technology [1, 2].  
 
Extensive studies have shown the capability of both ground and airborne surveys in meeting the 
requirements for large-scale monitoring programs of atmospheric CO2 variations [3 - 5]. The evaluation 
of increased CO2 concentrations in the near surface atmosphere in the range of storage affected sites 
(even beyond the project boundaries) demands efficient observation tools and analysis technologies.,Open 
path instruments (such as infrared or laser spectrometer) that scan in ambient air over significant 
distances, are seen as especially useful tools when it comes to detecting any CO2 increases above the 
normal background level of approx. 400 ppm [3, 4, 6]. 
Fourier-transform infrared spectroscopy is proven to be a powerful technique in online monitoring of 
fugitive emissions for industrial, environmental and health applications [7 - 11]. Compared with point 
sampling methods, open path spectroscopy possesses several important advantages, such as simultaneous 
detection of various chemical compounds, real-time remote monitoring of volatile emissions and the 
ability to investigate large sampling areas (in km2-range). In this paper, the application of ground-based 
OP-FTIR spectroscopy is introduced as one possible option for large-scale scanning of atmospheric 
composition, in terms of identifying areas of higher risk where detailed meso-scale investigations are 
subsequently required.  
 
2. Open-Path Fourier-Transform Infrared Spectroscopy Method 
Open-path IR spectroscopy is a widespread and well established analytical method used for the 
identification and quantification of many different chemical species in environmental and industrial 
applications [e.g. 8, 9, 12]. 
IR spectroscopy measures molecular vibrations which occur due to interactions between infrared (IR) 
energy and molecules. Most of the atmospheric target substances under investigation (e.g. CO2, N2O, 
H2O, NH3, CH4) display distinct absorbance or emission patterns in IR spectra. The wave number range 
considered is from 700  4000 cm-1 (equates wavelengths 2.5  14.3 m in MWIR and LWIR region).  
Open-path technology concepts are applied to measure the absorption loss along an optical path in 
ambient air. A beam is transmitted through open, unobstructed atmosphere and the measurement obtained 
represents an integrated gas concentration along the optical path. A single device is able to scan in 
numerous different directions within a short time frame. A concentration mapping of an entire area a few 
km2 in size is possible, according to the instrument configuration. Furthermore, an elaborate combination 
of instruments and/or mirror systems can be applied for image reconstructions of concentration 
distributions. 
 
The core part of any FTIR device is an interferometer, which consists of a beam-splitter and both a fixed 
and a moving mirror. The IR detector obtains an interferogram which depends upon the relative moving 
mirror position. The single beam spectrum is achieved by using Fourier transformation and this describes 
the distribution of signal intensity, subjected to wave number. The shape of the single beam spectra is a 
representation of the instrument response function, apodization function and absorption behaviour of 
compounds occurring along the optical path. Subsequent data processing is necessary to calculate sample 
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spectra without any interference occurring due to instrument response, any background influences or due 
to baseline shifts.   
In general, there are two measurement set ups  passive and active OP-FTIR spectroscopy. Passive OP-
FTIR spectroscopy (Fig. 1a,b) is based on the spectral analysis of ambient IR radiation in the 700  
1300 cm-1 wave number range. Numerous chemical compounds have a typical IR signature in this 
fingerprint region, where no artificial IR source is needed. For collecting these passive measurements, a 
BRUKER RAPID (Remote Air Pollution Infrared Detector) device was used, which is based on a 
mercury cadmium telluride (MCT) detector. The instrument can be installed on an ATV, as a flexible and 
mobile system for the analysis of atmospheric trace gas and air pollutants at distances of up to 5000 
meters. All spectra were measured with a spectral resolution of 1 cm-1. Based on the single beam spectra, 
brightness temperature spectra T( ) were calculated using a two point calibration method [13] and 
calculated according to An internal reference blackbody is used for the 
radiometric calibration of the instrument. 
 
 
Fig. 1: (a) passive OP-FTIR spectroscopy equipment; (b) passive OP-FTIR single beam spectrum is used for the investigation of IR 
absorption lines in the fingerprint region between 700  1300 cm-1; (c) active OP-FTIR spectroscopy measurements with bi-static 
operation mode using an artificial broad-band IR source with a zinc-selenide detector; (d) active OP-FTIR single beam spectrum 
contains more spectral information due to the excitation of molecular vibrations in higher wave number regions. 
Active OP-FTIR spectroscopy needs an artificial broadband IR source (Fig. 1 c,d), which helps excite 
molecular vibration modes in higher wave number ranges up to 4000 cm-1. This application plays an 
important role, especially for the identification of organic traces gases and high resolution quantification 
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of greenhouse gases. The active measurements can be carried out in mono- or bi-static operation modes 
with optical path lengths of several 100 m. For our measurements, we used a BRUKER EM27 device in 
bi-static mode, where IR source and detector are separated by optical paths of lengths up to 300 m. 
Symmetric interferogram acquisition can take place with a spectral resolution of up to 0.5 cm-1. 
Absorption spectra can be obtained by dividing the sample spectrum by a reference spectrum (without 
any signature of the sample). The determination of such undisturbed reference spectra is somewhat 
challenging and is based on the measurement of upwind spectra or on data generated by numerical 
simulation using commercially available software. 
3. Results and Discussion 
The application of monitoring tools at natural or industrial analogue sites is necessary to determine both 
advantages and limitations of such methods for detecting gas leakages from geological CO2 storage sites 
and to provide data for health, safety and environmental risk assessment [e.g. 14, 15]. Furthermore, 
analogue fields can facilitate the attainment of valuable information that not only helps improve our 
understanding of the chemical and physical processes taking place but also provides reliable insights into 
processes related to CO2 migration, trapping and leakage at CCS sites. Hence, several test areas were 
selected to apply OP-FTIR spectroscopy within the scope of testing and validating the potential of this 
technique as an alert system for CCS affected sites and to test its usefulness as a monitoring tool with 
respect to rapidly identifying increased atmospheric CO2 concentrations. We targeted the investigation of 
carbon dioxide sources in complex urban systems, at landfills/biogas power plants and at geogenic 
emission sites. 
Naturally occurring CO2 seeps represent unique analogues simulating expected processes at man-made 
CO2 storage sites. The geological and hydrological structures found at the Cheb Basin (NW Bohemia, 
Czech Republic) represent an excellent site to perform observations on a natural analogue for CO2 
leakages [1] and offer a perfect location at which IR spectroscopy can be verified, enabling direct 
investigation of processes along preferential migration paths. Recent geodynamic activities have been 
characterized by the recurrence of seismic swarm earthquake activities, possibly caused by progressively 
increased mantle-derived CO2-degassing at mineral springs and vents [e. g. 16]. Nearly-pure carbon 
dioxide ascends to the subsurface via tectonic faults and exhales from ground surface level into the 
atmosphere. Although degassing anomalies are aligned along structural trends, their occurrence is not 
continuous along the entire fault length and both focused isolated gas vents (mofettes) and extensive 
diffuse degassing locations characterized by vegetation anomalies can be observed.  
 
Passive OP-FTIR spectroscopy investigations were carried out at a field test site, where both mofettes 
and diffuse degassing zones are present. Initial tests focused on the determination of the spatial 
atmospheric CO2 distribution depending on seasonal and meteorological conditions. Furthermore, insights 
into CO2 spread in the atmosphere adjacent to the degassing vents were expected from scanning images. 
The measurements took place in January, April and July 2012.  
 
For identification and quantification of atmospheric carbon dioxide, the spectral signature at wave 
number 720 cm-1 was used, as it was subject to low interference effects from other atmospheric gases and 
due to the sensitivity of this absorbance line to lower concentration variations (Fig. 2a). The Beer-
Lambert law is the basis for the quantification of atmospheric carbon dioxide concentration values along 
the optical path. Using the HITRAN library [17, 18] for spectral analysis of absorbance lines, a path 
integrated concentration value can be calculated.  
Data acquisition involved the identification of CO2 concentrations along 10 different optical paths to 
obtain a 2D-map of near surface atmospheric CO2 distribution (Fig. 2b). The variety of path directions 
was limited by optical clearance (sight lines). The instrument was placed at a distance of 75 m from the 
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main degassing vent. One complete acquisition sequence (including rapid initial data processing) was 
carried out in 10 minutes and each sequence was measured ten times to derive a statistical interpretation.  
The brightness temperature spectra showed a significant amplitude increase of the CO2 absorbance line 
due to higher concentration values occurring along the optical paths in the vicinity of the degassing vent. 
Additionally, the effect of prevailing wind directions has an obvious effect upon the CO2 distribution 
(Fig. 2b).  
 
 
Fig. 2: (a) Significant changes in the spectral region at 720 cm-1 due to the occurrence of increased atmospheric CO2 concentration; 
(b) Results of passive OP-FTIR spectroscopy measurements nearby the main degassing vents (higher soil gas concentration areas 
marked in orange). In Maximum five times higher CO2 concentration in atmosphere were observed in point-scale measurements 
across the soil gas anomalies (Source aero photo: Google Earth). 
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The spreading of CO2 from the soil into the near surface atmosphere in the vicinity of the main gas vent 
was imaged using scanning technology. The spectral information gained from 40 measurements obtained 
in a regular grid was assembled to derive an image of CO2 concentration distribution. This image shows 
surface CO2 seepage from the soil into the atmosphere, as well as the dilution of CO2 in the proximate 
surrounding. The application of OP-FTIR spectroscopy scanning was part of the hierarchical monitoring 
approach and further detailed investigations (including geophysical measurements and soil gas analysis) 
were subsequently performed. The results of this method combination are presented in [1]. 
 
4. Conclusion 
OP-FTIR spectroscopy was applied for the detection of increased atmospheric CO2 concentrations, with 
the aim of assessing the capability of this type of ground-based remote sensing technology for large-scale 
monitoring at CCS facilities. A natural degassing site with diffuse and focused CO2 seeps was chosen to 
ascertain the opportunities and limitations of this long path IR spectroscopy method. The initial 
investigations and field campaigns successfully identified increased atmospheric CO2 concentrations and 
illustrated their spatial distribution. Significant anomalies were detected in the vicinity of main degassing 
vents and the dependence of CO2 distribution upon prevailing wind directions could be clearly seen. 
 
The open-path application of FTIR spectroscopy is well suited for rapid observations of large areas (in 
the range of m2 to km2). A key advantage of this method is the simultaneous and remote identification of 
various volatile compounds along the optical path with a single measurement. However, influences upon 
measured data are caused by the ambient atmosphere due to the open-path measurements. Meteorological 
conditions (e.g. temperature fluctuations, humidity) as well as interferences with naturally occurring 
atmospheric compounds (e.g. H2O, CO2) are potential causes of data misinterpretation and as such, 
elaborate data processing techniques are required. Further investigations concerning data reliability and 
the impact of environmental influences upon data quality must be carried out in the course of long-term 
monitoring operations. Hence, the results of OP-FTIR spectroscopy should be used in combination with 
other methods, including joint data interpretation to obtain reliable models of the investigated structures 
and processes associated with CO2 migration and release [1]. 
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